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THEORETICAL AND EXPERIMENTAL STUDY

OF A FINITE CYLINDRICAL ANTENNA IN A PLASMA COLUMN

Chung-Yu Ting, B. Rama Rao, and W.,A. Saxton

Harvard University

ABSTRACT

A finite cylindrical antenna in an infinite plasma column is investigated
both theoretically and experimentally. In the theoretical analysis, the plasma
is approximated as a dielectric medium with relative dielectric constant
1 - w;/ wz . The current distributions as well as the input admittances are

obtained by a numerical method for both the cases >0, and w< wp -

~ Experimental work is done by extending a coaxially driven cylindrical
antenna into a coaxial glass tube which contains the plasma. Langmuir probe
and cavity perturbation téqhniques are used in the diagnostic measurements.
The current distributions and input admittances of the antenna have been
measured for various pressures and discharge currents. The experimental

results show a reasonable degree of qualitative agreement with the theoretical

results.
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I. INTRODUCTION

The purpose of this paper is to study both theoretically and experimentally
the near-field characteristics of an antenna when it is covered by a layer of
ionized gaé or "plasma sheath." As in the case of a re-entry vehicle, it is a
- well known fact that this plasma sheath has greatly affected the radiocommuni-

cation as well as the antenna itself,

A similar problem in which a point dipole in an infinite plasma column is
investigated was discussed theoretically by Seshadri [1]. In this study, a
numerical method is used to solve the problem of a finite cylindrical antenna in
an infinite plasma column. To make the problem mathematically tractable, a
highly idealized plasma model is assumed in the analysis; collision losses and
electron temperature effects are ignored; and the plasma column is also
assumed to be radially homogeneous. Under these simplfying assumptions, the
"cold" plasma behaves like a dielectric medium with a relative dielectric
constant Er =1 - wﬁ / w® . It is found that when 0 < €. < 1 the plasma behaves
essentially like a lossless medium and tends to reduce the effective electrical
length of the antenna. The current distribution is still approximately sinusoidal
but with a longer wavelength. In the range -1 < €r < 0, the antenna character-
istics undergo a drastic change. The current attenuates very rapidly along the
length of the antenna. When the antenna is longer than a quarter-wavelength, it

behaves much like an infinite one with an input admittance remaining almost

constant and independent of the antenna length.

Extensive experimental measurements have been made to verify the theory.
The plasma sheath surrounding the antenna was produced by means of a hot-

cathode, d.c. discharge contained within a long coaxial glass tube. The inner
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glass tube served as a d.c. insulating‘ sleeve around the antenna, so that no d.c.
current was drawn from the discharge by the antenna. The current distribution
and input admittance of the antenna were measured by a small shielded loop probe
which traveled along a narrow slot in the antenna. The electron density, electron
temperature, and collision frequency were measured uéing Langmuir probes

and the microwave~cavity perturbation technique. " The experimental results

show a reasonable degree of qualitative agreement with the theoretical results.

It is also noticed that the input resistance of a very short dipole shows a strong

"resonance" phenomenon at a frequency below the plasma frequency.

II. A THEORETICAL STUDY OF A PLASMA-COATED FINITE ANTENNA

Consider the cylindrical dipole in a plasma column as shown in Fig. 1.
The antenna has a radius 'a' and length 2h, while the plasma column is in-
finitely long and has a radius 'b'. The ﬁlasma is highly idealized: the losses
due to collisions, the anisotropy due to the earth's magnetic field, the pressure
gradient due to the finite temperature, and the inhomogeneity caused by the
radial variation in electron density are all neglected. Under these assumptions
the plasma essentially behaves like a dielectric medium with a relative dielectric
constant Er =1 - wz/w IZJ , which is always smaller than one and can become
negative when the operating frequency w is smaller than the plasma frequency
Wy - The numerical method used to solve the integral equation of a finite
cylindrical antenna in an infinitely long dielectric rod [2] is used. The mathe-
matical analysis is the same, but the singularities of the Fourier-transformed

Green's function are somewhat different. This will be discussed separately. .

A. TFTor the Case w> w

p
The procedures discussed in [ 2] in which the Fourier transform pair is

defined by

oo

F (k) = S‘ f(Z‘) oKz g, | | (la)‘
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(0 0]
Flz) = -21? S' T (k) e K% gk (1b)

lead to the following Fourier transformed Green's function of the vector potential

at r = a due to a ring current source 6(r-a) 6(z)

zZ
2ma
(e vu{) (1) [3(Ea) Y (Eb) - T, (ED) Y (Ea) ]

(6a) —tHD WD) [T (£a)Y(ED) - To(ED) Y a(k
G(k,a):_“o ol2) 1 olea) Yy olEP) Y (Ea)]} (2)

e [eryen)uY) ) - €4 3, (em B (4b)]

where

b=k -k J 0= Ny » Ky = o)
1 =88 = (1 ) p/ )

The permeability of the free space is Mo o and 60 , 81 are the dielectric

constants of the free space and the plasma medium. J and Y are the Bessel

€

functions of the first and second kind; H is the Hankel function; and the time
dependence is e~ ' t,

G (k,a) has two branch points at k = i—_ko . Points k = ikl are mnot
branch points, but are two simple poles. Other poles and zeros can be deter-
mined by the zeros of the denominator and numerator, which have been discussed
in detail by Tamir and Palécz [3]. When equaled to zero, the denominator gives
the dispersion equation of a plasma column which can support a surface wave
mode only at w < wp/ NZ (€r< - 1) . The numerator, when equaled to zero,
gives the dispersion equation of a plasma-clad metal rod, which may have one,
two, or three zeros in the region w < Wy (€, < 0), depending on the geometry.
Therefore, in the region w > w (1> €, > 0), a method similar to that discussed
in [4] can be used to prove that G (k, a) has no smgularlty on the whole k-plane,

except two branch points at k = + kO and two simple poles at k = + k1 as



shown in Fig.2. The result is

ip o€ [15(Qa)]% ™ ax

32 {[Q T4 (Qb) I, (Pb)-€_PI, (Qb) T, (Pb)] 2

G(z,a)=P 5‘
0

+[QT,(Qb) Y (Pb) - €_T, (Qb) Y (Pb) 1%}

- ip.OEr [Io(a a.)]2 % dax

+
kg w26 {[a Iy(ab) Iy(PD) - €_PI, (a b) I, (Pb)]°

+[aIy(a b)Y (Pb) - € PI (a b)YO(Pb)]Z }

(3)

o 48r[JO(Va)]2 e V%

dy
* 3.2 ‘
v ™ b {[VI, (VD) J (Ub)-€ UJ (Vb)J,(Ub)

2
+[ V3, (Vb) Y, (UD) - €_UJ, (VD) YO(Ub)]Z }

{2[J,(yb)J; (YD) + Y, (yD) Y, (yb)]

: 2 2, ik
ik yb -€ yb[I (yb)]“+€ yb[ Y, (yb)]°} e 17

2.2 2 2
ko b {[ZJI(Vb)'ErYb‘To(Yb)] +[2Y1(Yb)’€rYbY0(Yb)] }
where I0 , Il are the modified Bessel functions of zero and first order, and

]

U='Jk02+yz , v = WNKkPryt oy = koz-klz

Hallen's integral equation of the antenna shown in Fig.1l, in this case is

2 2 2 2
a x" -k ‘ P = ko-x , - Q= ,kl—x



IMAGINARY AXIS

k- PLANE .

BRANCH CUT

/,Y

SIMPLE POLES

C

ko REAL
AXIS

BRANCH POINTS

BRANCH CUT /

FIG. 2 SINGULARITIES OF G(k,a) FOR I>¢ >0
AND INTEGRATION PATHS C,C'



i

Gz(k, a) = i =

S‘ .4_11'_ I{(z') G(z-2z', a)dz' = 12“ [Ccosk z +- ; sinkl 'ZH (4)
1

. ’J'
where 1_1,1 = \/ 0/31 , C 1is a constant to be determined by the condition that

the axial current vanishes at; z = +h,

w
B. For the Case w > w > —B-
P NZ

The Green's function in this case is identical to (2), except that

w : :
=1- P /w 2 ip now negative and greater than -1 . Nevertheless, the
singularities on the k-plane are different. There are poles in the finite complex
k—plane and at infi,pity.y Singe the condition of a pole at large |k| , as given in [2],
is . R . Lo -k . : h

1—8

2 ———-'é—' +inmw (5)

1 b+i

K|
{
N{l—-

where A K2 - klz takes the positive sign when k is positive and large, and

n is a large integer. Equation (5) can be satisfied, and it has an infinite number
of solutions as n goes to infinity. Consequently, the Fourier inverse integral
cannot be closed at infinity unless the locations of all of these poles and their
residues are known. An alternate expression of (2), which can help the numer-

ical calculation is given by

vo  [IglealE, v 1D (gm alM (gb)- £ul) (gn) ) g )

€7, (&b)H“Wb) €, I, &b)H(l)(¢b) “

. |
+ig To(ta)rHgga)

The f1rst term, wh1ch 1nvolves an infinite number of poles on the k-plane,
decays exponent1a.11y on the real axis as k= + oo . The second term, wh1ch has
no pole anywhere, has two branch points at k = + k1 on the imaginary axis. In

carrying out the Fourier inverse integral, the contour of integration of the first
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term is kept on the real axis, and that of the second term is deformed around
the branch cut as shown in Fig. 3. Since 0> Er > -1, there is no pole on the

real axis, as mentioned before. After the real and imaginary parts have been

separated, the Green's function becomes -

Gz(z, a) =

ko §°° IOZ(aa)[Er BK,(ab) K, (Bb) - aKb(aE) X, (D)

2n? ) T (a DR, (aB) + E_BI;(ab) Ky(pb)  °°% (¥=) dx"
0
1fea) {[a Kylab) T, (Pb) +
+ € PK (ab) T (Pb)][a I(a b)T,(Pb)-€ P I (ab)Jo(Pb)l+ .
+ [aKO(ab)Yl(Pb) + € PK;(ab) YO(Pb)][q Io(ab) Y (Pb)-
ko 0 €_PI (ab) Y, (Pb)]}
- 25 > cos{xz)dx
2m” [aIO(ab)Jl(Pb)-Erpll(ab)Jo(Pb)] +

+[a I (ab)Y (Pb)-€_PI, (ab) Y (Pb)]°

o0
Mo -2
—_ ~yz
+ 5 T, (Ua)e™* dy
ky

[k, |

Ioz(aa) cos(xz) dx

p'OOér
B2 ). [a ;O(q,b)Jl(vPb) - E_PI, (a b)IO('Pb)]Z"'

+[a I,(ab)Y,(Pb) - € PL (ab) Y (Pb)]*

(7)

where K, and K, are the modified Henkel function of zero and first orders,

0 1
2 2

LR P, U are the same as before. Hallen's integral equation,
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in this case, becomes

h | o
S 2T 1(2) Glz - 2', a) da' = —22T [ G| cosh(|k |2+ % sinh(|kz)]  (8)
“h Ho

» “O/Izell'

C. Numerical Results

The numerical method used to solve the integral equations (4) and (8) is
the same as that used to solve.the dielectric-coated antenna. In short, the
antenna is divided into a number of subintervals. Within each subinterval, the
current is approximated by expanding it into a power series of order 3 about
the midpoint of the subinterval. In this way, the integral equation can be con-
verted into a set of linear equations. Solutions are found by a matrix-inversion
method. In the first case, a typical example, w = NZ ©g (Er = 0. 5), b/ a=4,

: koa = 0.04, is given. Twenty-four curr3e11;1t distributions for differzr:: lengths
Oh: /2, kohzn,andkohz /2, are

shown in Fig.4. It is noted that in these cases the current distributions are

. were calculated, three of which, k

still apprdximately sinusoidal, but that the effective wavelength is longer and
close to the free space wavelength divided by «/—E_r . The effective length of the
antenna is shortened instead of lengthened as in the case of an antenna with a
dielectric coating with €.> 1. In the second case, an example is given by
using the parameters w = 3 wp (€, = -0.5), b/a-=4, koa. =0.04 . Since
in this case part of the integration is carried out on the real axis, extremely
long computing time is needed. Calculations were made for current distri-
butions along antennas with 16 different lengths, of which koh = ﬁ/ 4, koh :TT/ 2,
th =m are shown in Fig.5 . It is of great interest to note the drastic change
in' the current distribution, the magnitude of which, like the field in a waveguide
below cutoff,now attenuates very rapidly along the length of the antenna; the
phase of antenna current, contrary to the conventional case, increases along
the length of the antenna. For an antenna with length shorter then )\0/ 8, the
triangular current distribution certainly is a very good approximation. If the

current at the driving point divided by the driving point voltage is defined as
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the input admittance. Then, the input admittance as a function of antenna length
of the two given cases is shown in Fig. 6. For the case Er = 0.5, the curve
becomes very broad, and the resonance peak is less sharp as compared with the
free space dipole or the dielectric-coated dipole antenna. Since a delta-function
driving source is assumed, theoretically the input susceptance should be infin-
itely capacitive. For an actual gap-driven antenna the curve of input susceptance
should shift downward as in the case of the dielectric-coated one. For the case
Er = - 0. 5, the input conductance is very small. From theoretical consideration,
the input conductance should be zero when the idealized plasma surrounding the
antenna is unbounded. Owing to the finite diameter of the plasma column, there
is a finite but small input conductance. The input susceptance is entirely in-
ductive. This is because the current very close to the driving point, as given

in [4], is

I(z—0)~ -i4aw€1V£nz (9)

With El negaﬁve, the infinite capacitance at the driving point becomes an
infinite inductance. For an actual gap-driven antenna, the curve of input
susceptance should shift upward. Also, it is noted that, since the current de-
cays rapidly along the length of the antenna when the antenna is longer than a
quarter-wavelength, the antenna begins to behave more like an infinite one with

an input admittance that is almost constant and independent of the length.

D. Field Pattern

As derived in [2], by changing the cylindrical coordinates (r, 6 , z) to
spherical coordinates (R, ®, &), and using the method of steepest descents, the

far field is given by

ik, R

’ 0 ‘ -a paIs(aa)
A Po ez 2R bI (a b) H (P O€OPbI o byH (P
o L a bly(a b) H) (Pb) - & 1 (e b)Hy (Pb) x = -k,cos@
L -ikyz'cos®
VI(Z')G dz! (10)

-h
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which can be calculated numerically from the numeri‘c‘:al solution for I(z)

obtained before. The field factor F_(®) is defined as

F(e) - AMISTR g | - (11)
Mo -6 :

The field pattern of (11) is shown graphically in Fig.7 for koh =m/2 and
ko h=w ., When Er = 0.5, the field factor is quite large, and the shape of
the pattern changes as the length of the antenna is increased. When Er = -0.5,
the field factor is much smaller, and the shape of the pattern ( as in the case of
a Hertz dipole) consists of two small circles which are almost independent of
the length of the antenna. This is due to the fact that the main contribution to
the radiation field comes from the current close to the driving point, since the

current attenuates very rapidly along the length of the antenna.

E. Conclusions

The problem of a finite cylindrical antenna in an idealized plasrné, column
has been solved by a numerical method for « > wp and for Wy > w > wp/'\/f .
The current distribution changes from an approximately sinusoidal function in
the first case to an exponentially decaying function in the second case, and the
far field changes from large values to very small ones with constant applied
voltage. The case w < wn INZ s n'ot"discussed. Although thé mathematics
and the numerical method are the same as when wp> w > wp/d? , the plasma
column can support a guided wave when €.< -1, so that the Green's function
has an extra residue contribution from a pole on the real axis. - Because the
plasma column encountered either in the laboratory or surrounding a vehicle
is always of finite length, it would be necessary to take into account the re-
flections from the end of the column to obtain a satisfactory solution to the

problem. This is likely to be difficult.
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II. AN EXPERIMENTAL STUDY OF A PLASMA-COATED FINITE ANTENNA

A. Plasma Discharge Tube

The plasma sheath around the antenna was produced by means of a hot-
cathode helium d.c. discharge contained within a long coaxial pyrex glass tube.
As shown schematically in Fig. 8, the outer glass cylinder of the coaxial con-
tainer had an inside diameter of 33 millimeters and a wall thickness of 2 milli~
meters; its length was 1. 25 meters (about 2. 5 wavelengths in air at the
operating frequency of 600 megacycles per second). The ,diameter of the inside
glass tube was 9 millimeters; its wall thickness, 1 millimeter; - and its length,
0.55 meter. The pyrex glass had a relati*:fe dielectric constant of Er = 4,8 and
loss tangent tané = 0.004 . The inner glass tube served as a d.c. insulating
sleeve around the antenna, so that no d.c. current was drawn from the discharge
by the antenna. It was thus possible to avoid complicated d.c. rectification
effects within the plasma due to the presence of the metallic antenna. A matrix
type Semicon cathode was mounted at the end of the discharge tube away from
the antenna. The anode consisted of a thin molybdenum strip placed concentri-
cally around the coaxial line and mounted flush with respect to an aluminum
ground plane. This arrangement ensured that the antenna was always located
inside the positive column of the plasma discharge. The plasmalc':ontainer was
placed perpendicular to the aluminum ground plane and wa‘s supf)orted by a
block of polyfoam. Figure 11 shows a picture of the discharge tube in operation
mounted in front of the ground plane. The aluminum ground plane was approxi-
mately 7 ft x 6 ft . It Was used to screen electrically the plasma-antenna
‘assembly from the vacuum equipment and measuring apparatus which were in-
.stalled directly behind it. To minimize the reflection from the surrounding
objects, the entire antenna aséembly was placed inside a microwave anechoic
chamber.

The plasma tube could be pumped down to pressure as low as 10—7mm Hg
with a model 3305 NRC oil diffusion pump. The high vacuum pressures were
monitored by an NRC-type 720B Phillips ionization gauge. To prevent contam-
ination and out-gassing during the course of the experiment, the plasma container

was baked out for several hours at 450° C during the cathode conversion process
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FIG. 9 PICTURE OF THE APPARATUS FOR ANTENNA MEASUREMENTS



SINDINHOIL NOILYEYNLIN3d ALIAVD DZ< 3804d HIWNONVYT
un_oz_m mo_._.wozwﬂo VINSYId 404 dN 13S IVINIWIHIIX3 4dO _>_<mo<_n_ %0018 Ol 9l

d33MS "VINOZIYOH

-

JOIVNANILLY

NI £

>

I

A1ddNns
d3MOd
NOYLSAIM

\

NOHLSAH

vNa 2INOY103 13
A o
q O v L HIXIN | Y¥371dN02
o ) AONINOIYS TIYNOILO3MIA
— ,
H0L0313a
IVLSAYD
a ALIAVD
A
Alddns

H313IWAY

-|39VLI0A 00




PICTURE OF THE APPARATUS FOR PLASMA DIAGNOSTICS

FIG. 1l



-22-

and also at periodic intervals later on as the need arose. After a pump-down
pressure of 10_7 mm Hg was obtained, the plasma container was sealed off
from the vacuuam system by a bakeable Granville-Phillips valve. To avoid the
possibility of the oil from the diffusion pump leaking into the discharge tube, ‘a
liquid nitrogen cold trap was always used in series with the plasma tube during
pumping. The discharge tube was then back-filled with helium (reagent-type gas,
99.9 percent pure) to any desired pressure by means of a low torque type-C -
Granville-Phillips valve. The pressure inside the discharge tube could be moni-
tored by a Hastings DV-16 thermocouple gauge. The pressure of the heligrﬁ_ gas
as well as the d.c. discharge current through the tube could be varied over a
wide range. Typical values of pressure varied from 0.05 to 1.0 torr of Hg; the
d.c. discharge current varied from 30 to 270 ma. Typical operating d.c. anode
voltages were around 500 to 700 volts, with a 1500-ohm (200 watt) current-
limiting resistor in series. During the course of the experiment, the d.c. dis-
charge current was held constant by a Kepco model CK-60 0.5M constant cur-
rent regulator connected in series with the high voltage supply. The maximum
range ofgelectrl?n densities obtainable from this type of discharge tube varied

to 10

tween 280 to 2800 MHz. Because the operating frequency of the antenna was

from 10 electrons per cm3, corresponding to plasma frequencies be-
600 MHz, investigations could be made both above and below, as well as in the
immediate vicinity of the plasma frequency where the most interesting plasrfza
effects manifest themselves. The electron temperature of the plasma discharge
varied from 40, OOOOK(S, 2 electron volts) to about 70, 000 OK(9. 1 electron volts).
To minimize the effect of contaminants and to facilitate reproducible date, the
discharge tube was completely flushed out and pumped down to 10-7mm Hg be-
fore each experiment. The Semicon cathode was operated at 1000 to 1050 © C;
the cathode temperature was monitored 'by an optical pyrometer. About 30

watts of heater power were required for these optimum cathode temperatures.

~ To facilitate the measurement of the electron .de“nsit'ies and electron tem-
peratures, two cylindrical single Langmuir probes were mounted inside the

discharge tube—one close to the antenna and the other further down the tube
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nearer to the cathode. To obtain a measufement of the electron dens1ty and the
effective collision frequency by an independent method, the cavity perturbation
method was used. A cylindiical cavity is mounted on the tube in the region of
positive column near the cathode as shown in Figs.10 and 11. The diagnostic

techniques are described in detail in Section II-C

B. Antenna Assembly

The antenna was the center conductor of a coaxial line which c:oﬁld be
extended beyond an aluminum ground plane into the inner glass sleeve of the
plasma container. The antenna was made from 1/4 - in diameter brass
tubing; its length could be varied from 0 to 30 cm by means of a rack and
pinion arrangement. The outer conductor of the coaxial line driving the antenna
was made from 9/16 - in brass tubing. The characteristic impedance of the
coaxial line was 48.6 ohms. A 1/16 - in wide slot was cut along the entire
length of the antenna; through this slot projected a shielded loop probe wh1ch
was used to measure the amplitude and phase of the current along the antenna.
The probe, approximately 2.5 millimeters in diameter, was fabricated from a
precision coaxial tube of 0.021-in outer diameter and 0.003-in wall thickness. It was
mounted on a 3/ 16 -in diameter brass tubing, which slid inside the antenna
tubing. It could be set at any desired position along the antenna by means of
another rack and pinion arrangement. The signal picked up by the probe was
carried to the detector by a microdot cable. From the coaxial line, R. F power
was fed to the antenna by a T-shaped shunt connected to the main line at a '
distance of about a quarter-wavelength from the short-circuited end. A rough

cross-sectional view of the antenna assembly is shown in Fig. 8.

C. Plasma Diagnostic Measurements

The plasma diagnostic measurements were made with two basically
different d.c. and microwave measuring techniques. The single Langmuir probe
method [5] (d.c. measurement), which has been used for over 40 years, provides

information about the electron density and electron temperature. The cavity
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perturbation method (microwave measurement) provides information about the
electron density and effective collision frequency. A brief description of each

of these methods is given below.

Two cylindrical Langmuir probes were used. One was m,éunted in the
discharge tube near the antenna, the second nearer the cathode. The Langmuir
probes were each 3 millimeters long and were made from 0.005 - in diameter
tungsten wire.. The position of the probe could be varied over the cross: section
of the discharge tube by means of a magnetic slug. The electron temperature
and density were determined from the probe current-voltage characteristics [5].
A typical characteristic curve is shown in Fig. 12. The electron temperature

was determined from the slope of the curve from the formula

didni) 17 x 104 (12)
v y T
P e

where ie is the electron probe current, T, is the electron temperature in
degrees Kelvin, and Vp is the probe potential in volts with respect to the anode.
The electron density 'ﬂo is given by the equation

: 9 3 '
—=2P _ x 4.018 x 10 electrons/ cm ‘ (13)
A'\/Te

where A = 2wrh is the area in square meters, r is the radius, and h is the .

1

Mo

length of the Langmuir probe; iep is the electron current in amperes at the

plasma potential, and T_ is the electron temperature in degrees Kelvin.

The electron density and the electron temperatures measure by the
Langmuir probe near the cathode at the center of the positive column for vari-
ous pressures and discharge currents are shown in Figs. 13 and 15. The
corresponding plasma frequency is shown in Fig.14. In general, the electron
density as well as the plasma frequency increase with increasing discharge cur-
rent or pressure. For a pressure of 300 microns, the electron density ranges
from 1.24 x ].04 electrons per cm3 at a discharge currenf of 40 ma to
5.06 x ‘1010 electrons per cm3 at discharge current of 180 ma . The corre-
esponding plasma frequency ranges from 1.05 gigacycles per second to 2.02

gigacycles per second. The electron temperature as shown in Fig.15 is near
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1’05 °K. It shows that the electron temperature is more dependent on the

pressure than on the discharge current—the higher the pressure, the lower the

electron temperature.

The Langmuir probe method is based on the Maxwellian - distribution law.
However, for low pressure-high energy plasmas, the Maxwellian distribution
"becomes somewhat questionable. Also, the presence of the probe in the plasma

disturbs vthe plasrha, especially when the probe voltage is much lower or higher
than the plasma in its vicinity. Moreover, there is always much uncertainty in
_drawing two straight lines (such as those shown in Fig..12) to determine iep'
As a consequence, the measured electron density and temperature are likely. to

be in error.

The electron density measured by the second Langmuir probe very close
to the antenna shows that the electron density in that coaxial tube region does
not have circurnferential symmetry. Because of the pinch effect, the electron
beam always tends to be concentrated on one side of the coaxiai tube. This can
be observed when a magnet is placed close to the tube and the plasma sheath
moves from one side to the other. The measurement shows that the electron
density is higher than that measured by the first probe when the second probe
is in the higher density region and becomes extremely low when it is in the
lower density region. If the number of electrons per unit length were the same
along the tube, the average electron density in the coaxial region should be 1.125

higher than in the single tube region.

The microwave-cavity perturbation method for ’stﬁdyin‘g plasmas has
been described by S. C. Brown and others[6]. It consists mainly in observing
the change in resonant frequency and the 1owerihg of the Q of the resonant
cavity when it is partially filled with plasma. For low plasma densities
(w ; < < w Z) and low collision rates (v < < w ), and by assuming that the
collision frequency is uniform across the tube, the peak electron density Mg at
center of the tube and the angular collision frequency can be determined from -

the following two equations:
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where m and e are the mass and charge of the electron, fo is the resonance

frequency of the unperturbed cavity, A Jf is the resonance frequency shift due
to the presence of the plasma column. F( rp » T h) is a function of theé mode
excited in the cavity, the dimensions of the cavity and the plasma column and the

electron density profile inside the plasma column. It is given by

T

p

)
Ey

where MN(r) is the electron density profile function, E(r, ¢ ;, 2) is the electric

W)
=)

'n(r)EZ(:r, 9 ,z)r dr d6 dz

F(rp, I‘C, h = (16)

Ezr(r, 0 ,z)r dr df dz

ol tv OL——-;
oy o

field distribution of the approximate mode excited in the cavity, and" Ty kN and
h are respectively the inside radius of the plasma tube, the radius of the cavity
and the height of the cavity. The electron profile distribution commonly’used in
this type of measurement is the Schottky diffusion profile of the type Jo( 2404 r /rp)
[5]. However, this profile distribution is valid only at fairly high pressures
when the mean f_r‘ee-pa,th is small compared to the radius of the plasma column;
the profile is limited by ambi»po,la:r diffusion in this case. - As the pressure is
lowered, _the,ga,‘s-vkineti«c collisional frequency is too low to set up diffusion, and
the electron density profile shows marked deviation [7]; the profile seems to
become more u:ni:fc_)rm across the cross section of the tube. Significant errors
can result, if the Schottky profile function is ﬁs-ed for calculating electron
densities at lower pressures (for helium this has been observed when the pres-

sure is lower than 140 microns). A multimode cavity perturbation scheme
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has been devised by Ramo Ra.o {8] to extend the plasma d1agnost1cs to 1ower
pressures. In his forthcoming technical report the proflle function is expanded
as a power series of the normalized radius r/r_ and the profile coefficients
are evaluated by measuring the shift in the resonance frequencies of the appro-

prlately chosen cavity modes,

i

The S-band microwave cavity used in the measurement was a r1ght circu-
lar cylmder 11. 272 cm in diameter and 11.43 cm in 1ength It was of the
transmission type and energy was coupled in and out of the cavity by means of
small loop probes. Two circular cylinders approx1mately 2 inches 1ong and with
the same radius as the plasma tube were attached to the end faces of the cav1ty
These sections acted 11ke waveguides beyond cutoff and helped to improve the
Q of the cavity. The plasma tube was placed at the center of the cav1ty along
its axis. The modes which have been carefully 1dent1f1ed and used in the
measurement were the TMOZO’ TMIZO’ and TE212- The cav1ty was tuned
individually to each of these modes, and the frequency Shlft of each mode was
measured with the plasma present and absent. The F(r T , h) functlons for
the TMgpq and TMlZO modes and for the geometr1ca1 d1mens1ons of the exper1—

mental model are given by

r; (5.5200  , [1 (2405 1 (2. 405)*
J(2405)-—-——-—-2—— rp e i — —ie
2. 405 2r g )4 24 16 32
Fraoltp: 1o 0)= n:
- c -2,
< 5,%(5. 520)

0.113 » | R A

, h)

7.016 a1 1 (2-405)2',+_-L (2.405)4'1_4 |
2r 1‘p 4 4 6 64 ‘8 Pl

T c :
—Z_[Jl (7 016) - J (7 016 (7. 016]

Fia0ltpr T

2.419 x 1072 “(18)

]
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The accuracy of the cavity technique was checked by replacing the plasma
column by a dielectric rod having a known d1e1ectr1c constant The measured

value of the d1e1ectrlc constant was w1th1n 5 percent error.

7 Figure 10 shows the exper1menta1 setup used for the plasma d1agnost1c
measurements. A swept frequency signal from a klystron generator was fed
to the cavity. A synchronous d.c. voltage was used as the horizontal sweep of
the oscﬂloscope, so that both the resonance curve of the cavity and the mode
curve of the klystron appeared s1mu1taneously on the screen of a dual trace
osc1lloscope  The frequency shifts could be measured w1th an accuracy of
better than 0. 01 MHz with a Hewlett Packard model 524C electronic d1g1ta1
counter in conJunctlon with an ultrastable transfer osc111ator and harmonic
generator model 540B ’I‘he resonance f.requenc1es of the modes TMOZO’ TMIZO'
TMZlO TE212 were 2. 9065, 3.8184, 2.8249, and 3. 0982 GHz . The TMQZO
(J' - type field d1str1but1on) produced large frequency ShlftS and TMZIO
J, - type field distribution) produced very small shifts. The ™™ 20 and TEle
produced intermediate frequency shifts. Typlcal frequency shifts for the TMOZO
mode var1ed from 0. 56 MHzat a pressure of 50 microns to 8.70 MHz at a
pressure of 8 60 microns for a constant discharge current of 40 ma. The
correspondmg frequency shift for the ™20 mode Var1ed from 0. 10to1.10
MHz . For the ™10 mode the frequency shift varied from 0.04 megacycles
at a pressure of 140 microns to 0.14 MHz at a pressure of 860 microns for

the same discharge current,

The measured results for the electron density and the plasma frequency

at the center of the tube are shown in Figs. 13 and 14. The TMOZO mode was

used for the constant pressure ‘curve P = 140 microns; and the TMIZO mode
was used for the constant pressure curve P = 300 microns. Both T].‘s/IO20 and
TM, o modes were used for the constant discharge current curve I = 40 ma.
Results are quite close. The curve shown in Figs. 13 and 14 is the result of
the ™20 ‘mode. In all these measurements, Schottky's profile has been used.
The effec’ti.ve collision frequency measured in the—TE212 mode is shown in

Fig. 16. It can be seen that the collision losses become quite significant at

higher pressures. For example, at a pressure of 800 microns the collision

£
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frequency was almost 500 MHz , which is comparable to the signal frequency of
600 MHz . At lower pressures, the collision frequency becomes quite low com-
pared to the signal frequency. For example, at 140 microns the collision
frequency was only 15 MHz .. Hence, most of the antenna 'mea.sure'ments were

made at low pressures, principally at 140 microns and 300 microns.

The electron density measured by the cavity perturbation technique is
considerably lower than that obtained in the Langmuir probe measurements.
A similar result has been obtained by Levitskii and Sashurin [9], who made a
comparative study of the two diagnostic methods. Errors in the cavity
measurement can a.lso result from inaccuracy in the choice of the electron
density proflle functwn from the frmgmg of the electric field in the cavity near
the holes in the end plates, from the presence of the glass tube, and sometimes
from too 1a.rge a perturbatmn. The calculation of the effective collision fre-
quancy is based upon the assumption that it is radially independent, but this is

not necessarily true.

D. Measurement of Current Distribution and

Input Admittance of the Antenna

As shown in Fig. 8, a superheterodyne detecting system was used in the
experimental investigations. The signal generator was a General Radio (GR)
1361-A ﬁnit oscillator with a frequency range from 450 to 1050 MHz . The
maximum power output was approximately 200 milliwatts. The higher harmon-
ics generated by the oscillator were suppressed by a GR 874-F 1000 low-pass
filter with a cutoff frequency of 1000 MHz . The detecting system consisted of
a GR 1216-A, 30 MHz, 1.F. amplifier used in conjunction with a GR 874-MR
mixer rectifier with a IN21B crystal diode. The local oscillator was another
GR 1361-A unit oscillator. The I.F. amplifier was calibrated with the sinusoi-
dal voltage distribution in a short-circuited coaxial line. A pictorial view of

the apparatus is given by Fig. 9.

The current distribution along the antenna can be completely described
by measuring the relative amplitude and phase. The amplitude of the current

can be measured easily with the output of the shielded loop probe fed directly
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into the detect1ng system To measure the relat1ve phase of the antenna cur-
rent, the signal from the probe was compared w1th a reference samplmg signal
obtained from the main signal generator by means of a d1rect1ona1 coupler The
amplltude and phase of the reference signal could be Varled by a GR’ callbrated
coaxial attenuator and a line stretcher. The probe and the reference signal
were m1xed in a coaxial hybrid Junctwn and the d1fference arm of the hybrld was
connected to a detecting system. By adjusting the phase and amplltude of the
reference signal, a minimum indication could be obta1ned in the detector S1gn1-
fymg that the probe 81gnal and the reference signal were 180° out of phase

After establ1sh1ng such a reference p01nt the phase of the current at other pomts
along the antenna could be determined with respect to it by noting the setting of
the line-stretcher in the reference arm which gave a minimum 1nd1cat10n in the

detector.

The input admittance of the antenna was determined by measuring the
standing-wave ratio and the position of the current minimum in the coaxial line
driving the antenna [10]. The terminal function of the antenna load was calcu-

lated from the formula

o, = coth™' s | | o (19)
where S is the current standing-wave ratio. The apparant phase function of
the load can be found from the equation ’

@S = '11 + :ﬁ (o.)l - 0)2), S ; (20)

where f = am /)\g is the phase constant of the coax1al 11ne and w, is the posi-
tion of the current minimum w1th a short circuit term1nat1ng the line, and w5
is the position of the current minimum with the antenna load ‘The input admit-

tance of the antenna G + JB was then calculated from the formulas

_9 o sinh 2p ' ) ' } 15
Y_ = cosh 2P +cos 28 o | o

B ‘sin 2@ ' " s ST L o
—?—; " cosh 2p + cos 28 (22)

where YC is the characteristic admittance of the coaxial line.
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The current distribution of quarter -wavelength and half-wavelength mono-
poles and the input admittances of the monopoles of varying lengths were
measured for various gas pressures and discharge currents at an operatmg
frequency of 600 MHz . Figure 17 shows the current distributions along a
quarterfwaveléngth monopole for different pressures or discharge cur:pents
in the order of inci'easing plasma frequency. Figure 18 shows the chénge of
the current distribution along a half-wave monopole as the discharge current
' i'ﬁcre'ases at a constant pressure of 140 microns. Figure 19 ‘shows the current
distribution in the half-wave monopole at a constant pressure of 300 m1cr0ns
Figure 20 shows the change of the current distribution along a half-wave mono-
pole as the pressure increases with a fixed discharge current of 40 ma. All of
‘these curves of current distribution are normalized to the measured input ad-
mittances. Among the measured curves of input admittances as functions of
an’te'nna' 1ength, eight were selected and are shown in Fig. 21. These are
lettered alphabetically in the order of increasing plasma frequency. It gives a
clear picture of how the input admittance curve changes as the plasma fre-

quency increases.

E. Discussion of the Experimental and Theoretical Results -

The aim of the experiments described in this report is to examine the
influence of a plasma sheath on the near-field properties of an insulated
cylindrical antenna, principally its current distribution and input admittance.
Ideally, it would be desirable to generate a homogéneous, lossless, cold-
plasma column of infinite length to correspond to the simplified theoretical
model postulated in Section II. In reality, however, practical limitations are
such that it was possible to produce a plasma column only a few wavelengths
long. The electron-density profile across the plasma tube was diffusion con-
trolled and far from uniform; the electron temperature was very high, and
the losses due to Coili'sio'ns were considerable, especially at high pressures.
It was also necessary to produce the plasma inside a glass container so that
glass walls and an air gap were interposed between the antenna and the plasma

sheath. Furthermore, measurements of the electron density by the Langmuir
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probe near the antenna show that the élasma in the annular region around the
antenna does not have angular symmetry. All these effects have not been taken
"into account in the theoretical calculations. In view of these practical limita-
tions a meaningful, quantitative comparison of the predicted‘, theoretical -
results and the measured, experimental data is difficult. Nevertheless, this
experimental work was undertaken in the hope that the most significant features
predicted by the theory cou@ld. be observed, and a qualitative correlation between

the theoretical and experimental results could be achieved.

Qualitatively speaking, the significant properties predicted by the theory

can be summarized as follows. First, for w> w, , the plasma acts as a

p
dielectric medium, and the effect of the presence of the plasma sheath is to
shorten the effective electrical length of the antenna. And secondly, ' for
wp > w > wP/'\/-Z— , the plasma sheath tends to attenuate the current along the

antenna and the radiated field. Thirdly, for o.)p> w> “P/NZ when the antenna
is longer than quarter-wavelength; it behaves very much like an infinitely long

one,

Figure 17 shows the current distribution on a quarter-wavelength mono-
pole. The current distribution for this length of the antenna is not as sensitive
to variations in the plasma frequency as that in a half-wave monopole. Curvel
shows the current distribution without plasma. Curves 2, 3, and 4 show the
effect of shortening the electrical length of the antenna as the plasma frequency
increases. Curves 5, 6, 7, and 8 show some/interesting new feature‘s which
will be discussed later. The most interesting set of curves is in Fig.18, which
shows the current distribution of a half-wavelength monopole at a constant
pressure of 140 microns, but varying discharge curréhts ranging from 0 to
200 milliamperes. Curve l is the current distribution without plasma, which is
very similar to that for an antenna in air. Because of the presence of the two
dielectric layers of the glass tube, the antenna behaves a« if it were electrically
slightly longer than when in air. For a discharge current of 40 ma, as shown
by curve 2, the plasma frequency is much lower than the operating frequency.
It clearly indicates the shifting of the minimum towards the left. This means

that the effective length of the antenna is now shorter. The ',a.mplitude of the
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current decreases sharply due to the collision losses. These phenomena become
even more pronounced for a discharge current of 60 ma as shown by durve 3.
Curve 4 is near the critical region. The plasma frequency, at least in part of
the tube, must be close to the operating frequency. The general shape looks
like that of a quarter-wavelength monopole in air. However, other peaks begin
to appear. As the plasma frequency increases further, a new kind of standing
wave appears in the distribution curve of the antenna current. Its wavelength
is shorter than the wavelength in air, and its amplitude attenuates rapidly along
the antenna. The theory predicts this attenuation.for w < wp , but not the
standing-wave type of distribution observed in the experiment, since the glass-
air gas has been ignored in the theoretical analysis. The exploration for the

standing-wave phenomenon is as follows.

In a plasma medium with collisions, when the plasma frequency is higher
than the operating frequency, the plasma acts like a lossy conducting medium
in the sense that it reflects waves which are incident upon it. The antenna
structure shown in Fig. 8 indicates that when the plasma becomes a lossy con-
ducting medium, then the composite antenna-plasma system behaves like a
coaxial line filled with two types of dielectric layers, namely, the glass wall
and the air gap. For an approximate estimation for the wave propagating along
such a structure, the plasma medium is replaced by a perfect conductor, as
shown in Fig. 22. Assume the wave propagates along the z-axis with propa-
-gation constant k , then the dispersion relatioﬁ of the structure can be found

easily. It is given by the equation

£[T,(Eb) Y (Ec) - I (£c) Y, (£b)] [, (BB)K, (Ba) + I, (Ba) K, (Bb)]

-€ BT, (Eb) Y(Ec) - T (Ec) Y (ED)] [1,(Bb) Y (Ba) - L,(Ba) K (Bb)] =0

= | (23)

where B = Nk° -k , & Nk kP, k= oNig €y .k =NE_k, , and

a, b, ¢ are defined in Fig. 22. Use of the numerical values shown in Fig. 8,

namely, 2a =0.635cm, 2b=0.9cm, 2c=1.1cm , Er = 4.8, gives for the
propagation constant k calculated by a computer k/k0 ='1.23616 . The

corresponding wavelength 2“/ k is slightly longer than the distance between
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the minimum point of the magnitude of the current and the end of the antenna,
this is similar to the current distribution along a dipole in air in terms of true
wavelength in air. As the discharge current increases, the reﬂectivity" of the
plasma becomes better; the standing wave also becomes sharper, as indicated
by curves 6, 7, 8, and 9. Figure 19 shows the antenna currents at the highewr
pressui'é of 300 microns. The currents vary in the same manner eﬁpla;ined'
before, but the collision losses are slightly higher in this case. Figure 20 shows
the variation in current distribution for a fixed discharge current of 40 milli- |

' anipei'és and for increasing pressures. The curves have essentially the same

variation with increasing pressure.

In Fig. 21, eight selected curves of the input admittance as a function of
the antenna length have been shown in the order of increasing plasma f"‘fequency.
They show vividly the change of the input admittance curve as the p1a~srn-é fre- |
quency increases. For case A, without the plasma, the admittance curve is
almost the same as that of a dipole in air. In case B, the plasma frequency is
much lower than the operating frequency. The resonance peak shifts toward the
right, and the magnitude of the peak is reduced as predicted by the theory. As
the plasma frequency goes higher, the phenomena becomes even more obvious
as.shown by curves C and D. Note that the shape of the curve in D is almost
the same that of the theoretical curve shown in Fig.6 for €r =0.5. InE, the
plasma frequency is in the vicinity of the operating frequency or slightly above
it. The curve is now much broader. When the antenna is longer thén a quarter-
wavelength, it begins to behave like one that is infinitely long, as has been
predicted theoretically for the case Wy > w>%p /'\/7 As the electron density
increases, the coaxial line mode of the wave forms along the antenna. The
input admittance is again sensitive to the length of the antenna beyond a quarter -
wavelength. The resonance due to this coaxial line mode becomes éharper as .

. the electron density goes higher as indicated by curves F, G, and H.

" From the measured curves of the current distributions and input
admittances, it seems that the electron density measured by the cavity per-
turbation techniques is more reasonable than.that measured by a single

Langmuir probe.
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F. The Resonance Behavior of a Short-Monopole in a Plasma Column

In the absence of the plasma column, a short dipole antenna is predomi-
nantly capacitive, with a very small resistive component. It is also well known

that a variable electric field Eer

a plasma causes an eqmvalent dis-
placement current j‘e = E‘GO( 1 - P/w2 ) {jw - v), which lags in place
with respect to the electric field in the range w < wy and t}lus can be
regarded formally as an inductive current. If the electron-neutral collision
losses afe also taken into account, the body of the plasma essen’ciaily behaves
like a los sy inductive sleeve around the antenna. A simplified quasi-static
equivalent circuit of the antenna-plasma system is, then, a parallel—résonant ‘
circuit consisting of the antenna capacitance in parallel with the los sy inductivg
coniponent due to the plasma. At antiresonance, the rf cui'rent on kthé antenna
decreases sharply and is accompanied by a corresponding increase in the input
resistance of the antenna. The Q at resonance is, of course, proportional to
@/y where v is the electron-neutral c011151on frequency. In Fig. 23 the
measured input resistance and reactance of a short monopole antenna (h = 0/16
is shown as a function of the d.c. discharge current. The measurements were
made at three different pressures, 300 p, 140 p, and 70 u, to demonstrate the
effect of the collision losses on the effective Q of the resonant system. It can
be seen from these curves that the antenna displays a behavior of the anti-
resonant type. The measured input resistance is a maximum for certain values
of the discharge current whose corresponding plasma frequency is slightly
higher than the operating frequency as predicted in order to make the plasma -
an inductive element, while the input reactance shows an abrupt antiresonant
type of transition in this region. The input reactance does not, however,
vanish at antiresonance because of the complicated nature of the equivalent
circuit of the antenna-plasma system. It is also seen from these curves that
the Q of the resonance curve is sharper at lower pressure when collision
losses are correspondingly smaller. To confirm this resonance phenomenon,
the approximately l/rz Coulomb-type field near the antenna was measured by
means of a small receiving probe mounted inside the discharge close to the

antenna. The receiving electric probe was oriented to pick up the E , component
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of the electric field near the antenna., At antiresonance the rf antenna cﬁrrent
should decrease sharply, causing a similar decrease in the rf near field
measured by the probe. These results are shown in F1g 24. The signal
picked up by the probe Prec. was normalized with’respect to the power fed to

the main transmitting antenna Pan under investigation. The input power to

the antenna was determined by usiig two directional couplers in conjunction
with balometers to measure both the incident and the reflected power from the
antenna. As the antenna length is increased.in small inczjernents, the suscep-
tance of the antenna increases correspondingly. In order to keep the anti-
resonant frequency unchanged, the inductive element of the plasma must de-
crease. This makes the resonance curve shift to a lower discharge current or
lower plasma frequency. But still the plasma frequency should be slightly
higher than the operating frequency. The conductance of the antenna also in-
creases with length, and the Q of the resonant circuit becomes smaller.” These

effects are illustrated in Fig. 25.
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